Molecular mechanisms involved in sperm motility initiation in two sparids (Sparus aurata and Lithognathus mormyrus) have been studied. Our comparative study demonstrates that osmolality is the key signal in sperm motility activation in both species, whereas K þ and Ca 2þ do not have any role. The straightline velocity that resulted, however, was significantly different when measured in sperm activated with non-ionic and/or calcium-free solutions with respect to that measured in seawater-activated sperm. In both species, motility initiation depends on cAMP-dependent protein phosphorylation. The phosphorylation/dephosphorylation patterns that resulted in gilthead and striped sea bream were quite different. In gilthead sea bream, the phosphorylated proteins have molecular weights of 174, 147, 138, 70, and 9-15 kDa, whereas the dephosphorylated proteins have molecular weights of 76, 57, and 33 kDa. In striped sea bream, phosphorylation after sperm motility activation occurred on proteins of 174, 147, 103, 96, 61, 57 , and 28 kDa, whereas only one protein of 70 kDa resulted from dephosphorylation. Matrix-assisted laser desorption ionizationtime of flight analyses allowed identification of the following proteins: In gilthead sea bream, the 9-15 kDa proteins that were phosphorylated after motility activation include an A-kinase anchor protein (AKAP), an acetyl-coenzyme A synthetase, and a protein phosphatase inhibitor, and in striped sea bream, 103-and 61-kDa proteins that were phosphorylated after motility activation were identified as a phosphatase (myotubularinrelated protein 1) and a kinase (DYRK3), respectively.
INTRODUCTION
Most fish spermatozoa are quiescent in the testes, because the osmolality and composition of seminal plasma usually prevent motility in sperm ducts [1] . During natural reproduction, fish sperm become motile after discharge into the aqueous environment (in oviparous species) or the female genital tract (in viviparous and ovoviviparous species) [1] [2] [3] . Changes in the ionic and osmotic environment of the sperm cells have been identified as being critical external factors that may be responsible for initiating motility in fish spermatozoa [4] .
Several extracellular factors controlling sperm motility have been reported. In marine [5] [6] [7] [8] [9] and freshwater cyprinid [1, 2, 10] teleosts, sperm is initiated by osmotic shock when sperm are ejaculated. In these species, spermatozoa are quiescent at the osmolality of seminal plasma (referred to as isotonic condition). In freshwater teleost sperm, flagellar motility is initiated by the hypo-osmotic shock, whereas in marine teleost sperm, flagellar motility is initiated by hyperosmotic shock. Furthermore, in medaka [11] and tilapia [12] , motility regulatory mechanisms of sperm flagella are modulated to suit the spawning environment when they are in freshwater or acclimated to seawater. In salmonids [2, [13] [14] [15] and sturgeons [16] [17] [18] [19] [20] , K þ concentration is the key factor initiating sperm motility. In these species, the high K þ concentration in the seminal plasma inhibited motility. A decrease in environmental K þ concentration causes K þ efflux through specific membrane channels, leading to membrane hyperpolarization and the initiation of sperm motility. In herring sperm, motility initiation requires trypsin inhibitor-like sperm-activating peptide from the eggs (HSAPS), and the sperm exhibits chemotaxis when they are close to eggs [21, 22] .
The extracellular factors controlling sperm motility (osmolality, ions, sperm-activating peptides, and chemoattractants) act on the flagellar motile apparatus, the axoneme, through signal transduction across the plasma membrane. Numerous studies have shown that the second messengers, such as cAMP and Ca 2þ , play key roles in the initiation of sperm motility in many animal groups, such as mammals [23] [24] [25] , salmonid fish [26] , sea urchin [27] , mussel [28] , and tunicate [29] . In salmonid fish sperm, the cAMP-dependent phosphorylation (by protein kinase A) of axonemal proteins is essential for the initiation of sperm motility [30] [31] [32] . In other freshwater teleosts, the flagellar axoneme is regulated by calcium/ calmodulin-dependent protein phosphorylation [33, 34] . The cAMP-independent initiation of flagellar motility in sperm also was observed in puffer fish [4] and striped bass [35] .
Second messengers (cAMP and Ca 2þ ) determine the sperm motility initiation modifying dynein-mediated sliding of the axonemal outer-doublet microtubules through protein phosphorylation/dephosphorylation in different species, such as mammals [36] , rainbow trout, chum salmon, sea urchin [37] , and tunicate [38] .
In the present study, we focused on the mechanisms that determine the initiation of sperm motility in two seawater teleosts belonging to the sparid family (gilthead sea bream [Sparus aurata Linnaeus] and striped sea bream [Lithognathus mormyrus Linnaeus]). Both species are common in the Mediterranean Sea, being present along the Eastern Atlantic coasts from Great Britain to Senegal and rare in the Black Sea. Because of their euryhaline and eurythermal habits, these species are found in both marine and brackish water environments, such as coastal lagoons and estuarine areas. These species are protandrous hermaphrodite. Sexual maturity develops in males at 2 yr of age. Both gilthead and striped sea bream during reproduction period return to the open sea, where the adult fish breed.
MATERIALS AND METHODS

Chemicals
MDL-12,330A hydrochloride, KT5720, KN62, and KN93 were purchased from Calbiochem. Protein marker and nitrocellulose membranes were from Bio-Rad Laboratories. Anti-phosphotyrosine antibody was from Upstate Biotechnology. Anti-phosphothreonine and anti-phosphoserine antibodies were from Sigma Chemical. The chemiluminescence kit for Western blot analysis was purchased from Chemicon. All other chemicals were of reagent grade.
Fish and Sperm Collection
Six males of S. aurata and six males of L. mormyrus were obtained from a local fish farm (Maribrin) and used for the experiments. Milt collection was performed during the summer (June) for striped sea bream and during late autumn (November) for gilthead sea bream. Sperm were collected by applying gentle abdominal pressure to extrude the milt, which was removed from the gonophore with a syringe. Care was taken to avoid contamination with seawater or urine. The milt was transferred to a glass vial and kept at 48C until use. The animal studies were approved by the animal care and treatment committee of the University of Salento.
Videotaping of Sperm
Sperm were videotaped using a Nikon Alphaphot 2 microscope with a 203 negative-phase objective and a Sony CCD black-and-white video camera (SSC-M188CE). Gilthead sea bream and striped sea bream milt was diluted 1:100 in nonactivating medium (NaCl, 3.5 mg/ml; KCl, 0.11 mg/ml; MgCl 2 , 1.23 mg/ ml; CaCl 2 , 0.39 mg/ml; NaHCO 3 , 1.68 mg/ml; glucose, 0.08 mg/ml; BSA, 10 mg/ml; pH 7.7) and then 1:10 in seawater. Approximately 0.7 ll of the sperm/ water mixture was immediately (within 15 sec) spotted into one well of a Multitest slide (12 wells; ICN), covered with a cover slip, and then videotaped as above.
Computer-Assisted Sperm Analysis
Videotapes were analyzed using the Hobson Sperm Tracker and associated software (Hobson Vision Ltd.). Computer-assisted sperm analysis settings were optimized for gilthead sea bream and striped sea bream sperm. For gilthead sea bream, the instrument settings were as follows: search radius, 4 lm; predict, off; video format, PAL; aspect, 1.49; refresh time, 1 sec; threshold, þ20/À100; and filter weightings: filter 1 ¼ 2; filter 2 ¼À1; filter 3 ¼ 0; and filter 4 ¼ 0. For striped sea bream, the instrument settings were as follows: search radius, 2 lm; predict, off; video format, PAL; aspect, 1.49; refresh time, 1 sec; threshold, þ25/À100; and filter weightings: filter 1 ¼ 2; filter 2 ¼ À1, filter 3 ¼ 0; and filter 4 ¼ 0. Two 45-sec analyses of sperm movement were made from a different field for each condition, and the mean value was used for the analyses. Percentage of motile sperm (MOT), motility duration, curvilinear velocity (VCL), straight-line velocity (VSL), and average path velocity (VAP) were measured [39] .
Effects of Osmolarity, K þ , and Ca 2þ on Sperm Motility
To determine the effects of osmolarity on activation of sperm motility, increasing concentrations of NaCl (250, 300, 350, 400, 450, 500, and 550 mM) were used as activating saline solution as a substitution for seawater. The 550 mM NaCl was used as sperm-activating solution in the experiments carried out to evaluate the effect of ions on the initiation of sperm motility. In particular, the effect of potassium on sperm motility was investigated by substituting KCl (0, 10, 30, 50, and 150 mM) for NaCl on a mole-to-mole basis and in the presence of a physiological level of Ca 2þ (3 mM). To determine the effects of Ca 2þ , CaCl 2 Á2H 2 O (0, 5, and 50 mM) was substituted for NaCl on a mole-tomole basis. The effects of K þ and Ca 2þ were evaluated in solutions with an osmolarity of 1100 mOsm/kg. The osmolality of all solutions used in the experiments were checked using an automatic osmometer (5520 VAPRO; Delcon). The pH was held constant at 7.7 for all experiments.
Effect of Inhibitors on Sperm Motility
To determine the effects of different inhibitors, the semen was diluted 1:100 in nonactivating medium (see above) containing inhibitors (500 lM MDL-12330A hydrochloride, 10 lM KT5720, 70 lM KN62, or 70 lM KN93). Sperm samples were preincubated for 20 min with the different inhibitors, or control with 0.1% (v/v) dimethyl sulfoxide (DMSO), to exclude the effect of DMSO in which the inhibitors were resuspended. The inhibitors had no effect when tested without preincubation. Motility was initiated by the addition of seawater (control) or seawater containing different inhibitors (at the same concentration used for preincubation).
Extraction of Sperm Proteins
To detect motility-associated phosphorylated/dephosphorylated proteins, the protein extraction was performed 30 sec after the dilution (1:250) of semen with seawater or nonactivating medium. After this phase, the spermatozoa were isolated from seminal plasma by centrifugation at 1200 3 g for 30 min at 48C. To extract proteins, the pellet was resuspended in lysis buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 lg/ll of leupeptin, 1 mM Na 3 VO 4 , and 1 mM NaF). The suspensions were spun at 18 000 3 g for 15 min at 48C. The supernatant containing total soluble proteins was transferred into Eppendorf tubes and kept at À708C for further analysis. Protein concentration was determined using the Bradford method (Bio-Rad).
Electrophoresis
The SDS-PAGE was carried out according to the method described by Leammli [40] in 12.5% polyacrylamide gels. The running conditions were 100 mV for 2 h.
The isoelectric focusing was performed on immobilized pH-gradients (IPG; pH 3-10 NL; length, 7 cm) with IPGphor (Amersham Biosciences). Thirty micrograms of protein were used for analytical runs to a total volume of 125 ll of rehydrating buffer (8 M urea, 2% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), 18.6 mM dithiothreitol, and 1% IPG-buffer pH 3-10 NL [Amersham Biosciences]). Strips were rehydrated for 12 h. Focusing was performed with 50 lA per strip for 30 min to 500 V, 30 min to 1000 V, and 1 h to 8000 V at 208C. After isoelectric focusing strips were equilibrated, the first step was performed with 6 M urea, 30% glycerol, 2% SDS, 50 mM Tris (pH 6.8), and 2% dithiothreitol for 18 min and the second step with 2.5% iodoacetamide instead of dithiothreitol for another 10 min. As tracking dye, a few grains of bromophenol blue were added. Separation of the second dimension was performed in 13% SDS-PAGE for gilthead sea bream sperm proteins and 12.5% SDS-PAGE for striped sea bream sperm proteins. The running conditions were 15 mA/gel for 15 min and 30 mA/gel for 1 h.
Preparative gels were prepared on 13-cm IPGs (pH 3-10 NL); a total of 400 lg of proteins was used for runs to a total volume of 250 ll of rehydrating buffer. The running conditions were 15 mA/gel for 15 min and 30 mA/gel for 5 h.
Western Blot Analysis
The proteins separated by SDS-PAGE were transferred on nitrocellulose using 0.8 mA per 1 cm 2 of gel by using TE 77XP semidry transfer system (Hoefer Scientific Instruments). The membranes were immediately placed into a blocking buffer (3% nonfat milk) in Tris-buffered saline. The blot was allowed to block at room temperature for 1 h. The membranes were incubated with specific primary antibody (anti-phosphotyrosine, anti-phosphothreonine, or anti-phosphoserine) at 48C overnight, followed by a horseradish peroxidaseconjugated secondary antibody for 1 h and 30 min at room temperature. Antibody labeling was detected using enhanced chemiluminescence according to the manufacturer's instructions. Prestained protein markers were used for molecular weight determinations.
A measure of band intensities was evaluated by product between the mean intensity of the pixels located in the band and the area covered by the whole band. These measures were performed by the National Institutes of Health Image software (available at http://rsb.info.nih.gov/nih-image/).
Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry
Spots of interest were excised from Coomassie blue-stained twodimensional gels. The gel pieces were put in 0.5-ml Eppendorf tubes and destained overnight with a solution of 5 mM ammonium bicarbonate and 50% acetonitrile. After removing the supernatant, the gel pieces were dehydrated by acetonitrile, swelling by rehydration in 5 mM ammonium bicarbonate, and shrinking again by addition of acetonitrile [41] . After removing the liquid phase, gel pieces were dried in SpeedVac (Thermo Savant, San Jose, CA). The proteins were digested overnight at 378C with trypsin (modified trypsin; Promega), and the resulting peptide mixtures were analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. For MALDI-TOF mass spectrometry, 2 ll of each peptide mixture were mixed with 2 ll of a-cyano-4-hydroxy-cinnamic acid solution in 50% (v/v) acetonitrile and 0.5% (v/v) trifluoroacetic acid. Subsequently, 0.4 ll of this SPERM MOTILITY INITIATION IN SPARIDS matrix-peptide mixture was applied to a target disk and allowed to air-dry. Spectra were acquired using an Ettan MALDI-TOF Pro mass spectrometer (Amersham Biosciences). Spectra were calibrated using two internal standard peptides: ile7 AngIII (MþH 897.531, monoisotopic), and hACTH 18-39 (MþH 2465.191, monoisotopic). A mass fingerprinting database search was carried out using Profound (http://prowl.rockefeller.edu/prowl-cgi/profound. exe), Aldente (http://www.expasy.org/tools/aldente/), and Mascot (http://www. matrixscience.com) software. The search parameters were as follows: one missed cleavage allowed, and oxidation of methionine and carbamidomethylation of cysteine.
Statistical Analysis
The normal distribution of the different variables measured using computerassisted sperm analysis were examined using the Shapiro-Wilks test. Treatment effects on sperm characteristics (VCL, VSL, and VAP) were assessed using a one-factor ANOVA, and a Tukey post-hoc test was applied when ANOVA revealed significant differences. A probability level of P , 0.05 was considered to be significant in all tests. All statistical computations were performed with Systat 5.2.1 [42] . Values are reported as the mean 6 SEM.
RESULTS
Characteristics of Sperm Motility
Motility characteristics of sperm obtained from six gilthead sea bream and six striped sea bream were evaluated by computer-assisted sperm analysis at 5-15 sec after induction of motility (lasting 7-10 min in both species). The measured parameters were those that better define sperm quality [43] [44] [45] . The results obtained were not significantly different in the two sparids. In particular, the measured parameters were as follows: MOT, 90-100%; motility duration, 7-12 min; VCL, 40-45 lm/sec; VSL, 10-12 lm/sec; and VAP, 33-35 lm/sec. The measured velocities (VCL, VSL, and VAP) were lower with respect to those reported in other marine fish (Acipenser fulvescens [17, 43] , Cyprinus carpio [46] , and Clarias gariepinus [47] ) but were of the same order of magnitude as those measured in European eel [48] and African catfish sperm [39] . These results suggest the species specificity of the sperm motility characteristics.
Effect of Osmolarity on Sperm Motility
Gilthead and striped sea bream sperm diluted in nonactivating solution (290 mOsm/kg) remained completely immotile. Solutions containing 250, 300, and 350 mM of NaCl were not able to initiate motility in either species, but a further increase of osmolarity caused different patterns of activation of gilthead and striped sea bream spermatozoa. Approximately 50% of striped sea bream sperm were motile after activation with 400 mM NaCl, whereas almost all spermatozoa (.90%) became motile using 450 mM NaCl. In gilthead sea bream, only 550 mM NaCl caused the motility activation of approximately 90% of the sperm, whereas 50% of sperm became motile using 500 mM NaCl.
Sperm motility also can be initiated using non-ionic solution, but only with a solute (sorbitol) concentration of 1100 mM. At this concentration, 90% of both gilthead and striped sea bream spermatozoa were motile but showed a VCL significantly lower with respect to those measured in spermatozoa activated using ionic solution (Table 1) . Lower concentrations of sorbitol could not activate spermatozoa motility in either species (data not shown).
Effects of K þ and Ca 2þ Ions on Sperm Motility Parameters
Because in some species K þ efflux and Ca 2þ influx act synergistically to initiate sperm motility [49] , the effect of K þ on the activation of sperm motility and on motility characteristics (MOT, VCL, VSL, and VAP) was tested in the present study in the presence of 3 mM Ca 2þ . Under these experimental conditions, potassium (10, 30, 50 , and 150 mM) had no effect on MOT, VCL, VSL, and VAP in both gilthead and striped sea bream sperm (Table 2 ). Fish spermatozoa also were motile (Table 3) . These results were confirmed by the observation that different K þ and Ca 2þ channel inhibitors (100 lM BaCl 2 , 100 nM iberiotoxin, 5 lM glibenclamide, and 100 lM verapamil) had no effect on the initiation of sperm motility ( Table 4) .
Involvement of cAMP and Phosphokinase A in the Spermatozoa Motility Activation
To determine the signal transduction pathways involved in sperm motility initiation, we tested the effects of inhibitors of the cAMP and Ca 2þ signaling pathways. As reported in Table  4 , the membrane adenylyl cyclase inhibitor MDL-12,330A hydrochloride (500 lM) and the phosphokinase A (PKA) inhibitor KT5720 (10 lM) completely inhibited the initiation of motility in both gilthead and striped sea bream spermatozoa. On the contrary, two inhibitors of the calcium/calmodulin kinases (KN62 and KN93), both used at 70 lM, did not inhibit the initiation of sperm motility.
Identification of Protein Involved in Sperm Motility
Initiation by SDS-PAGE, Two-Dimensional Gel Electrophoresis, and MALDI-TOF Analysis
To elucidate which proteins are involved in the initiation of spermatozoa motility, proteins extracted from spermatozoa before and after motility activation were separated on SDS-PAGE, blotted on nitrocellulose membrane, and treated with anti-phosphotyrosine, anti-phosphothreonine, or anti-phosphoserine antibodies.
The anti-phosphotyrosine antibody revealed that in gilthead sea bream spermatozoa, two protein bands of 76 kDa (named 1TYDSa) and 57 kDa (named 2TYDSa) were dephosphorylated, and an unspecified number of proteins corresponding to a large band of 9-15 kDa (named 3TYPSa) were phosphorylated, when sperm shifted from the immotile to the motile phase (Fig.  1A) . In striped sea bream, the antibody against the phosphotyrosine residues revealed that three protein bands of 96 kDa (named 1TYPLm), 57 kDa (named 2TYPLm), and 28 kDa (named 3TYPLm) showed an increase in phosphorylation after the activation procedure (Fig. 1B) .
In gilthead sea bream sperm, the Western blot analysis with antibody against phosphothreonine residues revealed that the sperm activation determined the phosphorylation of two protein bands of 174 kDa (named 1THPSa) and 147 kDa (named 2THPSa) and an unspecified number of proteins with molecular weights ranging between 15 and 9 kDa (named 3THPSa) (Fig. 2A) . In striped sea bream gametes, the antibody against phosphotreonine residues showed, after activation, the presence of two protein bands of 147 kDa (named 1THPLm) and 103 kDa (named 1THPLm) and revealed the increase in phosphorylation of proteins of 61 kDa (named 1THPLm) and 28 kDa (named 1THPLm) (Fig. 2B) .
Antibody against phosphoserine residues highlighted that in gilthead sea bream, three protein bands of 174 kDa (named 1SEPSa), 138 kDa (named 2SEPSa), and 70 kDa (named 3SEPSa) and an unspecified number of proteins from 9 to 12 kDa (named 5SEPSa) were serine-phosphorylated after motility initiation, whereas a protein band of 33 kDa (named 4SEDSa) was dephosphorylated (Fig. 3A) . In striped sea bream spermatozoa, only one protein band of 174 kDa (named 1SEPLm) was phosphorylated, and one of 70 kDa (named 2SEDLm) was dephosphorylated, following motility activation (Fig. 3B) .
To characterize further the proteins involved in the molecular mechanisms of sperm motility activation, we used the above-reported antibodies to recognize proteins extracted from the spermatozoa, separated by two-dimensional gel electrophoresis (2DE), and blotted on nitrocellulose membrane.
In gilthead sea bream, the antibody against phosphothreonine residues revealed the following: 1) 1THPSa was not a single protein but, rather, a cluster of proteins with the same molecular weight (174 kDa) but different pI (5.9-6.29); 2) 2THPSa was a protein with a pI of 8.7; and 3) 3THPSa consisted of 10 proteins with pI between 6.1 and 7.6 and molecular weights between 9 and 15 kDa (Fig. 4) . 
* Nearly all spermatozoa motile indicated by þ and no motility indicated by À. Nonspecific inhibitor of potassium channels. z Specific inhibitor of K Ca channels. § Specific inhibitor of K ATP channels. ** Calcium channel blocker.
Adenylyl cyclase inhibitor. zz PKA inhibitor. § § CaMKII inhibitors.
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In striped sea bream, this antibody recognized the bands 1THPLm, 2THPLm, 3THPLm, and 4THPLm as single spots, the molecular weights and isoelectric points of which are listed in Figure 5 . Unfortunately, similar experiments carried out with anti-phosphoserine and anti-phosphotyrosine antibodies did not give satisfactory (technical) results.
Among the proteins visualized by 2DE-Western blot analysis, only some were recognized on 2DE preparative gels obtained by separating all proteins extracted from activated sperm (Fig. 6 ): spots 1, 2, 5, and 7, belonging to 3THPSa band for gilthead sea bream and 2THPLm and 3THPLm for striped sea bream. These proteins were subjected to mass spectrometry and identified (Table  5 ). In particular, in gilthead sea bream, spots 1 and 2 (belonging to 3THPSa) are acetyl-coenzyme A (CoA) synthetase, spot 5 is Akinase anchor protein (AKAP), and spot 7 is an unnamed protein of Tetraodon nigroviridis, which have 70% identity with a novel protein similar to phosphatase and actin regulator 3 of Danio rerio. In striped sea bream, spot 2THPLm resulted to be the myotubularin-related protein 1 that has phosphatase activity, and spot 3THPLm was identified as dual-specificity tyrosine-phosphorylation-regulated kinase 3 (DYRK3).
DISCUSSION
The aim of the present study was to carry out a comparative examination regarding the mechanisms of sperm motility activation in two seawater species belonging to the sparid family (gilthead sea bream and striped sea bream). Sperm of externally fertilizing teleosts are immotile on ejaculation, become motile only when activated with water, and usually remain motile for only a few minutes. The motility of fish spermatozoa is controlled through their sensitivity to osmolality and ion concentrations [49] . In agreement with previous findings in other marine teleosts, the present study demonstrated that motility of gilthead sea bream and striped sea bream was initiated by exposure to a hyperosmotic environment [5] [6] [7] [8] [9] 50] . The data reported here show that the optimal osmolality for activation of sperm motility in gilthead sea bream was 1100 mOsm/kg and ranged between 900 and 1100 mOsm/kg in striped sea bream. Previous studies have demonstrated that sperm motility occurs over a very wide range of osmolalities in seawater fish. For example, the activation occurs at 900 and 1100 mOsm/kg in halibut, as occurs in striped sea bream [51] , and at 300-1100 mOsm/kg in halibut [52, 53] , whereas in other species, the range of osmolality was narrow [54] [55] [56] , as observed for gilthead sea bream. Spermatozoa of gilthead and striped sea bream also can be activated using non-ionic solution (1100 mM sorbitol). Similar results were obtained in other freshwater and seawater 360 species [34, 57] and demonstrated that osmotic pressure is the stimulus that triggers activation of sperm motility. The activation of sperm motility by non-ionic solution caused a significant reduction of VCL, suggesting that although ions have no effect on sperm motility initiation, they influence sperm motility tracks. This has been demonstrated previously in different fish [10, 55] .
The key role of osmotic pressure in the initiation of motility also was confirmed by observation that neither K þ nor Ca 2þ affect the activation of sperm motility. These results were confirmed by the observation that different K þ and Ca 2þ channel inhibitors had no effect on the initiation of sperm motility. The use of verapamil as a calcium channel inhibitor, however, does not provide definitive evidence regarding the possible participation of Ca 2þ channels in this process. In many species, Ca 2þ influx and/or K þ efflux through specific ionic channels change the membrane potential and constitute the initiation signal for sperm motility. In particular, K þ concentration is the key factor triggering sperm motility in salmonids [2, [13] [14] [15] and sturgeons [16] [17] [18] [19] [20] . In these species, a decrease in environmental K þ concentration after ejaculation causes K þ efflux through specific membrane channels that leads to membrane hyperpolarization and the initiation of sperm motility. In common carp, sperm membrane hyperpolarization caused by the opening of K þ channels removes inactivation from Ca 2þ channels, which then can open when depolarized. This produced an increase in intracellular Ca 2þ concentration that initiates sperm flagellar motility [33, 58] . It must be underlined that the absence of Ca 2þ in the activation medium significantly reduced VCL in gilthead and striped sea bream sperm, as non-ionic medium did. The reduction in VCL obtained by activation with non-ionic solutions could be attributable to the absence of Ca 2þ in the solution. The effect of Ca 2þ on motility patterns has been demonstrated previously in other species. In particular, Ca 2þ affects the waveform of flagellar motility [59] [60] [61] and the sliding velocity of microtubules in the axoneme [62, 63] . In java carp sperm, elevated Ca 2þ concentrations induced an increase in the asymmetry of flagellar beating, leading to a quiescent state [64] . On the contrary, Ca 2þ increased the sliding velocity of tilapia sperm axoneme [34] and the turning rate of rainbow trout [65] and Atlantic croaker sperm [55] . On the right, the names of proteins of interest are indicated: 1SEPSa, 2SEPSa, 3SEPSa, and 5SEPSa (spots 1-3 and 5 serine-phosphorylated in S. aurata); 4SEDSa (spot 4 serine-dephosphorylated in S. aurata); 1SEPLm (spot 1 serine-phosphorylated in L. mormyrus); and 2SEDLm (spot 2 serinedephosphorylated in L. mormyrus). C) Band intensities evaluated by product between the mean intensity of the pixels located in the band and the area covered by the whole band. In each row, different lowercase letters indicate statistically significant differences (P , 0.05) between values.
FIG. 4.
Western blot analysis with antiphosphothreonine antibody of gilthead sea bream (Sparus aurata Linnaeus) sperm proteins separated by 2DE. The 2DE was performed on an immobilized pH 3-10 NL strip, followed by the second-dimensional separation on 13% polyacrylamide gels. The separated proteins were then blotted on nitrocellulose and incubated with antibody. Molecular mass and isoelectric point of proteins of interest are listed.
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Extracellular factors (osmolality and ions) activate sperm motility through signal transduction across the plasma membrane. The following signal transduction cascade determined dynein-mediated sliding of the axonemal outer-doublet microtubules through protein phosphorylation/dephosphorylation [36] . In many animal groups, the second messengers involved in this mechanism are cAMP and Ca 2þ [23] [24] [25] [26] [27] [28] [29] . Among teleosts, cAMP is essential for the initiation of sperm motility in salmonid fish sperm [30] [31] [32] , whereas calciumdependent and cAMP-independent initiation of flagellar motility was observed in other teleost fish, such as puffer fish [4] , common carp [33] , striped bass [35] , and tilapia [34] . The present results demonstrate that similar to salmonid sperm in both gilthead and striped sea bream sperm, cAMP plays an important role as a second messenger, because an inhibitor of membrane adenylyl cyclase and an inhibitor of PKA completely inhibited the initiation of sperm motility. The possibility that soluble adenylyl cyclase is present in sparid sperm, and that limitations exist on using a high concentration of membrane adenylyl cyclase inhibitor, should be underlined. On the contrary, inhibitors of calcium/calmodulin kinases (KN62 and KN93) had no effect.
In gilthead and striped sea bream, we demonstrated that tyrosine, threonine, and serine residues of various sperm proteins are differently phosphorylated/dephosphorylated following motility activation. In addition, the present data show that the protein phosphorylation/dephosphorylation patterns are different between the two sparids.
The major targets of protein phosphorylation/dephosphorylation causing activation of sperm motility are structural components of dynein arms (inner and outer), kinases, and phosphatases anchored in the axoneme and the radial spoke proteins [66] [67] [68] [69] . Dynein generates flagellar beating by causing the active sliding of axonemal outer-doublet microtubules [70, 71] . Kinases and phosphatases are required for local control of motor activity [68, 72] , and radial spoke proteins regulate inner arm dynein by phosphorylation/dephosphorylation [68, 73] .
It has been demonstrated that the light chains of dynein (from 8 to 30 kDa) were differently phosphorylated/dephosphorylated in activated and nonactivated sperm. It has been reported that paramecium ciliary 29-kDa phosphoprotein [66] , 20-kDa molluskan gill cilia [28] , 18-to 20-kDa protein in Ciona sperm [67] , and 22-kDa salmonid fish sperm [32, 36] are all dynein light chains. In gilthead sea bream, we found proteins of 9-15 kDa phosphorylated at different residues following motility activation. A 15-kDa protein was found to be phosphorylated on initiation of sperm motility in trout by a tyrosine kinase, which is activated by cAMP-dependent protein kinase [30] [31] [32] . In tilapia sperm, dephosphorylation at serine and threonine residues occurred in 15-kDa protein in a calcium-dependent manner [74] . We can hypothesize that in gilthead sea bream, 1 of 10 proteins belonging to 3THPSa band and phosphorylated at threonine residues could be a light-chain protein. In striped sea bream sperm, we found a 28-kDa protein (4THPLm) that was phosphorylated both at tyrosine and threonine residues after initiation of motility. Phosphorylation of proteins with similar molecular weight also was reported in chum salmon [75] and sea urchin sperm [76] . In paramecium cilia, Hamasaki et al. [66] identified a 29-kDa phosphoprotein as a dynein light chain. The protein named 4THPLm could correspond to a dynein light chain.
In gilthead sea bream, a 33-kDa protein is dephosphorylated after motility activation. In other species, a change of the phosphorylation state occurred in proteins with similar molecular weight [32, 76] . The function that these proteins play in the activation of sperm motility, however, remains unclear.
After initiation of motility, a 57-kDa protein was dephosphorylated at tyrosine residues in gilthead sea bream and phosphorylated at tyrosine residues in striped sea bream. Changes in the phosphorylation state of a 55-kDa protein (identified as a glycogen synthase kinase-3) were involved in the initiation of motility of bull sperm [77] .
In striped sea bream, we found a 138-kDa protein phosphorylated after initiation of motility. A protein with the same molecular weight was identified as an intermediate chain of an inner arm dynein in Chlamydomonas sp., and the dephosphorylation of this protein was coupled to the activation of motility [78] [79] [80] .
To the best of our knowledge, only a few of the proteins involved in the initiation of sperm motility of fish sperm have been identified [32, 36] . Our results allowed us to identified three proteins that play a role in the initiation of sperm motility in gilthead sea bream: 1) an AKAP, 2) the acetyl-CoA synthetase, and (3) an unnamed protein of T. nigroviridis that has 70% identity with novel protein similar to phosphatase and actin regulator 3 of D. rerio. In striped sea bream, we identified two proteins involved in the activation of sperm motility: myotubularin-related protein 1, and dual-specificity tyrosinephosphorylation-regulated kinase 3 (DYRK3).
It is known that PKA localizes to specific cellular structures and organelles by binding to AKAP molecules via interaction with the regulatory subunits (RI and RII). Therefore, cAMP levels temporally regulate PKA, whereas the spatial regulation within the cell occurs through compartmentalization by binding to AKAP, thus assuring specificity of PKA function. The important role of AKAP as a key regulator of sperm motility is FIG. 5 . Western blot analysis with antiphosphothreonine antibody of striped sea bream (Lithognathus mormyrus Linnaeus) sperm proteins separated by 2DE. The 2DE was performed on an immobilized pH 3-10 NL strip, followed by the second-dimensional separation on 12.5% polyacrylamide gels. The separated proteins were then blotted on nitrocellulose and incubated with antibody. Molecular mass and isoelectric point of proteins of interest are listed. 362 already established [81] . In addition, a recent study demonstrated that phosphorylation of AKAP in human sperm results in tail recruitment of PKA and increase of sperm motility, providing evidence for a functional role of phosphorylation of AKAP [82] .
Acetyl-CoA synthetase is well known as an enzyme whose activity is central to the metabolism of prokaryotic and eukaryotic cells. In particular, acetyl-CoA synthetase activates acetate to acetyl-CoA, and it provides the cell with the twocarbon metabolite used in many anabolic and energygeneration processes. Therefore, we suppose that this enzyme was activated in motile sperm to increase the level of ATP, which is necessary for flagellar movement. The 2DE was performed on an immobilized pH 3-10 NL strip, followed by the second-dimensional separation on 13% polyacrylamide gels. The separated proteins were stained with silver staining. Spots that correspond to proteins phosphorylated/dephosphorylated after motility activation and analyzed by MALDI-TOF mass spectrometry are denoted by marks. 
Regarding the role of phosphatases and kinases in the initiation of sperm motility, many studies have demonstrated that the development and maintenance of motility is regulated by a complex balance between kinase and phosphatase activities [83, 84] . Concerning the proteins identified in the present study that could have a role in regulating the initiation of motility, the first (AN: Q4SQZ9) may be a protein phosphatase inhibitor, the second may be the myotubularinrelated protein 1 that belongs to the protein-tyrosine phosphatase family, and the third has been identified as a protein kinase autophosphorylated on tyrosine residues belonging to the dualspecificity tyrosine phosphorylated and regulated kinase family (DYRK). Among these, DYRK is highly expressed in mouse testis [85] , but to our knowledge, no information is available regarding its role in the activation of sperm motility in both mammals and fish.
Taken together, the present results allow us to hypothesize the mechanism controlling the activation of sperm motility in gilthead and striped sea bream. On the basis of our results, we think that the increase in external osmolarity is the main factor that determines the initiation of motility in the two sparids. We suppose that after ejaculation, the drastic change of osmolality immediately triggers water efflux and leads to local distortions of the flagellar membrane that, in turn, activate water channels, such as aquaporins, as proposed previously [86] . The rapid water efflux could determine a reduction in cell volume with the increase in intracellular ionic concentration. It is known that adenylyl cyclase is activated by different mechanisms, such as membrane hyperpolarization [87, 88] and/or increase in Ca 2þ and HCO À 3 concentration [89] . The increase of intracellular ionic concentration that we hypothesize could cause the activation of adenylyl cyclase by one of the mechanisms reported above. In both species, the cAMP signaling pathway started the activation of sperm motility. The final step of the trigger system of axonemal movement was different, however, because different proteins were phosphorylated/dephosphorylated after the activation of motility.
